Electrode reactions of ferritin-immobilized electrodes based on both self-assembled monolayers (SAMs)-modified gold and polypeptides-modified ITO electrodes were investigated.
Introduction
Ferritin provides a means for living systems to gain access to essential mineral nutrients under conditions that would otherwise favor the formation of hydrous ferric oxide, a biologically inert form of iron. Ferritins consist of protein shells formed from highly-symmetrical subunits, and from mineral cores containing up to ca. 4500 iron atoms in the form of ferrihydrite phosphate, (FeOOH) 8 (FeOPO 3 H 2 ) [1] [2] [3] [4] [5] [6] [7] [8] [9] . The outside diameter of the shell is ca. 12 nm, and the cage that surrounds the hollow cavity is roughly 8 nm in diameter. Eight hydrophilic 3-fold channels and six hydrophobic 4-fold channels surround the shell, which provide access to the protein interior, presumably for electrons, protons, small ions and molecules. The 3-fold channels are proposed to be the main entry route for iron [1] [2] [3] [4] [5] [6] [7] [8] [9] . The iron uptake and release mechanisms are caused by iron (Fe(III) / Fe(II)) redox reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] . In an earlier
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Award Review Article, 2008 Shikata Medal study, it was hypothesized that only small-sized reductants such as dithionite could possibly enter the protein shell and react with Fe(III) 1) . However, it was clear that larger reductants such as FMNH 2 , NADH and cytochrome c that were too large to pass through the ion channel on the protein shell could also react as reducing agents for the Fe(III) in the protein core 7, 10, 11) . Some redox properties of ferritin using electron transfer mediators such as viologen have also been examined 6, 8) . Recently, the direct electrochemistry of ferritin adsorbed onto an electrode has been reported [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
In the formation of solids in biological systems, bio-mineralization provides for the controlled formation of inorganic materials. It is possible that ferritin could be used in protein engineering for nanomaterial synthesis 10, 11, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . A ferritin core could be used for the design of composite nanoparticles for potential magnetic, catalytic and biomedical sensing applications. It has been reported that ferritin was able to catalyze the oxidation and mineralization of cobalt oxyhydroxide within the confines of the protein cage 36) . Carbon nanotubes were also synthesized using the ferritin core as a catalyst 25, [33] [34] [35] . The diameter of the carbon nanotubes could be controlled by the diameter of the ferritin core.
Thus the direct electron transfer reactions of ferritin could be used to control nanomaterial synthesis by protein engineering. The immobilization of ferritin onto the electrode surface and the electrochemically-regulated iron uptake and release of the immobilized ferritin are fundamental processes that must be understood in order to control nanomaterial synthesis using ferritin. Furthermore, it should be understood that the redox reaction of ferritin is a typical model of nano-space electrochemistry, because the redox reaction occurs in the nano-space cavity (ca. 8 nm in diameter) of the ferritin shell.
In this article, the author describes the electrode reactions of ferritin-immobilized electrodes based on both self-assembled monolayer (SAM)-modified gold and polypeptide-modified ITO electrodes.
Ferritin-immobilized electrode

Ferritin on SAMs-modified gold electrodes
A single crystal of gold Au(111) was used as the working electrode, which was prepared by the method of Clavilier et al. 38) . The Au ( 39) , indicating that full coverage monolayers were formed on the Au(111) surface. Prior to the use of the ferritin for immobilization, the ferritin (from horse spleen, Sigma) was purified by size exclusion chromatography to remove free iron ions 6) .
Tapping-mode AFM (atomic force microscopy)
was used for the characterization of the ferritin-immobilized surface. A substrate of vapor-deposited gold film on mica (gold/mica) was used for the AFM measurements. The surface of the gold/mica was characterized to be a Au (111) rich surface. Fig. 1 shows an AFM image of the surface of the gold/mica surface modified with AHT, followed by immersion into a 2 μm dm -3 ferritin solution for 60 min. Ferritin molecules covered the whole surface, and no aggregated ferritin was observed on the surface. The ferritin molecules were densely packed like a full monolayer, but were not ordered like a hexagonal packing pattern. The diameter of each ferritin molecule was evaluated to be 12-13 nm after accounting for distortions due to the shape of the probe tip, which is comparable to the expected ~12 nm diameter determined from X-ray diffraction 1) .
AFM images of the ferritin adsorbed onto AET, AOT and AUT-modified gold/mica were almost the same as the AFM image observed on the AHT-modified gold/mica shown in Fig. 1 . This difference would be due to the slight conformational change of ferritin that occurs during its immobilization onto the electrode. (Fig.   6 ). The observed redox wave could be attributed to iron atoms reincorporated into the ferritin shell.
Polypeptides-modified ITO electrodes
Typical cyclic voltammograms for ferritin after the PLL-and PLA-modified ITO electrodes were This compensatory ion uptake and/or release would be the rate-determining factor, and thus the number of iron ions actually related to the redox reactions would be significantly smaller than expected.
EQCM at PLL-modified ITO electrode
An ITO film was deposited onto an AT-cut quartz crystal with a 9 MHz fundamental Thus, the total mass change before and after the potential cycle was 5. 
Reversible fine structural change and electrochemical response
It is well-known that the ferritin protein structure is very stable against temperature up to ca. 80 C 1) . It has been observed that reversible fine structural changes in the ferritin protein occur at ca. 25 C using fluorescent spectroscopy and CD (circular dichroism) measurements 45) .
The ferritin protein shows peaks around 210
and 222 nm in CD spectra based on the α-helix of the protein. The value of 2.7 is calculated from the mass weight ratio of Fe (7.1 × 10 -9 g cm -2 ) to ferrihydrite (19 × 10 -9 g cm -2 ) based on EQCM measurement.
45) unpublished data.
